We report a systematic histopathologic study of papillomas at different times during promotion, correlating the results with those from cytogenetic analysis of the same tumors. Papillomas were induced in SENCAR mice by twostage carcinogenesis (7,12-dimethylbenz[a]anthracene and phorbol 12-myristate 13-acetate). Individual tumors were randomly sampled at different times during promotion, and histopathologic and cytogenetic studies were carried out on every tumor. Early during promotion (10 weeks), most papillomas were well-differentiated hyperplastic lesions with mild or no cellular atypia. No tumors showed severe dysplastic changes. By 20 weeks of promotion, a dramatic drop had occurred in the number oflesions with no dysplasia. Most of the tumors presented moderate dysplasia, and some already showed severe dysplastic changes. At later stages (3040 weeks), most of the papillomas were classified as moderately or severely dysplastic papillomas, and several were considered to be intrapapillomatous carcinomas. This histopathologic evaluation was supported by nuclear measurements performed on papillomas at different time points. Chromosomal abnormalities followed a similar trend. Papillomas seem to start as diploid lesions, but between 10 and 20 weeks of promotion, hyperdiploid cells can be observed in almost every tumor. In some cases the stem line was taken over by aneuploid clones. At 40 weeks of promotion, all papillomas were aneuploid, most of them with hyperdiploid stem lines. A positive correlation was found between the histological and cytogenetic studies, with the most aggressive and atypical tumors being the more aneuploid. These results support the idea that most, if not all, papillomas are truly premalignant lesions in different stages of the potential progression toward malignancy. Chromosomal abnormalities might play an important role in the sequence of events leading to malignancy.
The mouse skin tumorigenesis model constitutes a valuable experimental system for studying precancerous changes and tumor progression. Carcinomas produced by chemicals are not only similar to human skin tumors but they also resemble other types of human cancer, such as squamous carcinomas of lung, cervix, or esophagus.
The initiation-promotion protocol induces carcinomas, most of which (90%) arise from papillomas (1) . However, only a small fraction of papillomas progress to carcinomas (1) (2) (3) . It has been postulated that the malignant conversion of benign tumors may occur as a result of a relevant somatic mutation in the expanded population of initiated cells (4, 5) . In fact, in the skin model it has been reported that the progression rate can be increased markedly by treating the papilloma-bearing animals with genotoxic chemicals (6) or with the free-radical generator benzoyl peroxide (7) .
In spite of the great interest in tumor progression inciting those experiments, some fundamental questions about the biology of this system remain unanswered. It is unknown why, with a regular initiation-promotion protocol, only a small percentage of the papillomas become malignant and what accounts for the higher probability some papillomas have of progressing to malignancy. Some authors have postulated the existence of a subgroup of papillomas, which they called "terminally benign tumors" (2, 8) , with little or no chance of progression toward the carcinoma stage. From a morphological point of view, the general assumption is that the putative subtypes of papillomas are indistinguishable from each other.
This assumption is largely based on macroscopic observation of tumors during the experimental period. Histologic examination is eventually performed at the end of tumorpromotion experiments to confirm the nature of the lesions. To our knowledge, a sequential histopathological follow-up of papillomas produced by the two-stage carcinogenesis protocol has not been reported. We recently reported (9) a cytogenetic study in this system; we found that aneuploidy occurs as a general phenomenon during the life of every papilloma and, in some tumors, from very early stages of development (9) . Since aneuploidy is almost always related to either dysplastic or fully malignant lesions (10), we considered it important to carry out a sequential histopathologic study of the papillomas during the promotion phase and to classify the tumors following the criteria used for human premalignant lesions (e.g., cervical dysplasia). In this paper we report the results of our detailed histologic study and classification of a set of tumors whose cytogenetic status was already known, comparing both parameters and tumor behavior during the course of tumor promotion.
MATERIALS AND METHODS
Histopathological analysis and nuclear measurements were performed on a set of papillomas and carcinomas that have been characterized cytogenetically (9) .
Papillomas and squamous cell carcinomas (SCCs) were induced in the back skin of SENCAR mice by a single dose of Histopathological Classification of Papillomas. We applied criteria and nomenclature similar to those used for the classification of human premalignant lesions to the papillomas. The histological changes that were considered as dysplastic included disturbed cell polarity (mainly in basal cells), basal cell hyperplasia, disturbed maturational sequence, increased number of mitoses, mitoses in suprabasal layers, abnormal mitoses, nuclear hyperchromatism, prominent nucleoli, and increased nuclear/cytoplasmic ratio.
We subdivided the papillomas into four groups. Group 1. Regular papilloma: well-differentiated hyperplastic lesions with no atypical cells, or with very few atypical cells in the basal layer (Fig. 1A) . Group 2. Moderately dysplastic papilloma: lesions with atypical cells in the basal and suprabasal layers up to one-third of the thickness of the epithelium. Group 3. Severely dysplastic papilloma: lesions with more than two-thirds ofthe thickness ofthe epithelium occupied by atypical cells (Fig. 1B) 
RESULTS
Once the histopathological grading of the lesions was performed, the tumors were grouped according to the number of weeks of promotion. As can be observed in Fig. 2 values similar to those found in carcinomas (Fig. 3) . Such progression in nuclear size clearly corresponds with and supports the histopathological grading of the same tumors. The cytogenetic studies performed with the same papillomas were discussed in detail in a previous report (9) . For comparative purposes, those data are summarized in Fig. 4 
DISCUSSION
The definition of "premalignant lesion" implies the relatively high probability for a lesion to undergo malignant transformation. This definition does not connote the inevitability of such degeneration or irreversibility in the progression towards the cancerous state. In fact, there is experimental (12) and human epidemiological (13) evidence showing spontaneous regression of premalignant lesions; on the other hand, several cases have been reported of human cervix carcinomas in situ and of severe dysplasias that progressed to invasive carcinomas even up to 20 years after the first diagnosis (13) .
If we analyze the information available on the mouse skin system using the two-stage protocol, we observe that the carcinoma incidence almost never reaches a plateau when the experiments are arbitrarily terminated at 40 or 50 weeks (1-3, 8, 14) . Even in those cases in which the animals were observed for longer periods, the carcinoma incidence kept rising (3), indicating the possibility of continuous conversion of new papillomas. Our experimental data show clear histopathological and cytogenetic progression in most of the papillomas, which were randomly selected. Early during promotion, most papillomas were well-differentiated hyperplastic lesions with little or no cellular atypia, and most of them had diploid chromosomal constitution (Figs. 2 and 4) . At 30 and 40 weeks, almost every tumor presented a degree of dysplasia and a high proportion of the lesions had reached the carcinoma in situ stage (intrapapillomatous carcinoma) (Figs. 1C  and 2 ), and at this stage diploid tumors were not found (Fig.  4) . Our assumption is that if the animals could have lived long enough, we would have seen most of those lesions progress to the invasive stage. It has to be considered that PMA toxicity and concurrent infections prematurely kill a high percentage of the animals (15) .
In mouse skin papillomas, not only aneuploidy, but also point mutations, seems to play a fundamental role in the development of malignancy. The Ha-ras gene mutation was postulated to be critically involved in the initiation event (16, 17) . Independently we have shown that papillomas, the putative expanded population of initiated cells, bear a high degree of genomic instability, which may increase the probability of a second relevant event occurring in those cells, as postulated by Potter (18) and Moolgavkar and Knudson (4). The nature of such an event or combination ofevents remains unknown. Our results suggest, however, that such events may be the result of gross chromosomal abnormalities. The biological significance of aneuploidy, the most consistent chromosomal alteration in solid tumors, has been reviewed recently by Oshimura and Barrett (19) . They concluded that some of the main effects that could be produced by aneuploidy are genetic disbalance, phenotypic expression of recessive mutations, and changes in genetic stability.
In studies performed to identify the specific chromosomal alterations involved in SCC (unpublished results) the most common abnormality found was chromosome duplication (trisomy). Extra copies of chromosomes may represent not only a mechanism of genetic disbalance but also a form of gene amplification (19) . We recently reported the occurrence of other cytogenetic equivalents of gene amplification in the mouse skin system (20) . These findings seem relevant if we consider that gene amplification has been reported to be associated with rapid progression and bad prognosis in human tumors (21) .
Our cytogenetic and histopathologic findings coincide very well with the model postulated by Nowell (22) , in which tumor progression seems to be intimately linked, as that author states, with the "sequential appearance of increasingly genetically altered subpopulations with new characteristics."
Based on our findings, we postulate a model in which papillomas progress to the carcinoma stage with different speeds. At 40 or 50 weeks, or when the animal dies, some papillomas have already reached the carcinoma stage, but in other tumors, different degrees of dysplastic changes have occurred. The speed of such neoplastic progression may be related to specific chromosomal alterations. It is possible that random chromosomal changes occur constantly in papillomas and carcinomas, but the involvement by chance of specific chromosomes is what can confer a selective advantage to a particular clone, which becomes the stem line during a transient period of time in the life of the tumor. The possibility of finding this same event occurring simultaneously in different foci and at different rates of progression in the same tumor may be the reason the interpretation of karyotypic changes in solid tumors is complicated.
In our studies we used the classical two-stage protocol, treating the mice with PMA throughout the experiment. Whether this protracted exposure to the promoter causes the observed genomic instability remains to be determined.
Under continuous PMA treatment, spontaneous papilloma regression is not a major factor in the SENCAR mouse (14) . The final papilloma number in a given experiment is influenced by other factors, such as tumor coalescence, conversion to carcinomas, ischemic necrosis, and infections. It is possible that in our experiments the last time points may be slightly affected by the number of putative nonregressive tumors. However, the low frequency of aneuploid dysplastic papillomas at 10 weeks and the low regression under continuous PMA treatment support the concept that the changes observed in papillomas are due to a tumor-progression phenomenon.
The expression "terminally benign papillomas" (2, 8) could give the incorrect idea that those tumors are homogeneous and frozen in one stage of tumor progression. Probably most papillomas have the potential to become malignant ifthe animals live long enough or the tumors are transplanted in younger hosts. In fact, it has been reported that treatment of papilloma-bearing mice with genotoxic chemicals or a freeradical generator increased substantially the conversion rate (6, 7) . These treatments probably just produce a high frequency of chromosomal abnormalities in tumors that already have gross genomic alterations, increasing in that way the chances for malignant conversion in less time.
Although, classically, mouse papillomas were considered to be diploid benign lesions (23) , our results support the idea that most, if not all, papillomas are truly premalignant lesions in different stages of the potential progression toward malignancy. Within this scenario, chromosomal abnormalities might play an important role in the sequence ofevents leading to the malignant stage.
